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I N T R O D U C T I  ON 
The e x c e p t i o n a l  e l e v a t e d  t e m p e r a t u r e  s t r e n g t h  o f  r e f r a c t o r y  a1 loys 
makes t h e s e  m a t e r i a l s  i d e a l l y  s u i t e d  f o r  u s e  i n  s p a c e  e n v i r o n m e n t s ,  w h e r e  
o x i d a t i o n   r e s i s t a n c e  i s  n o t  a gove rn ing   f ac to r .  As an  example,   the  tantalum 
b a s e   a l l o y  1 - 1 1 1  (Ta-8%W-2%Hf) i s  c u r r e n t l y   c o n s i d e r e d   f o r   t u b i n g   a n d   f o r  
rad ioac t i ve   i so tope   capsu le   f ab r i ca t i on   i n   space   e lec t r i c   power   sys tems .  Long 
t ime   c reep   s t reng th  i s  a c r i t i c a l  p r o p e r t y  i n  such   app l i ca t i ons ,  and s ince   t he  
systems w i  1 1  o p e r a t e  e i t h e r  i n  t h e  vacuum o f  o u t e r  s p a c e  o r  i n  m e t a l l i c  v a p o r s  
o r  l i q u i d s  w h e r e  t h e  p a r t i a l  p r e s s u r e  o f  r e a c t i v e  gases i s   e x t r e m e l y  l o w ,  i t  
is   necessary  t o  t e s t  c a n d i d a t e  m a t e r i a l s  i n  a non-contaminat ing  env i ronment   to  
genera te   rep resen ta t i ve   des ign   da ta .  The purpose o f   t h i s   p r o g r a m  was t8  develop 
creep  data f o r  T-111 a l l o y  i n  an u l t r a - h i g h  vacuum o f   l e s s   t h a n  1 x 10- t o r r  
a t  temperatures and stresses  chosen t o  prov ide   about  1 %  c r e e p  i n  t i m e s  up t o  
15,000 hours.  
I 
EXPERIMENTAL DETAILS 
CreeD Test Procedures 
The c reep  p rog ram invo lved  tes t i ng  o f  nominal   0 .030"   th ick  re-  
c r y s t a l l i z e d  s h e e t ,  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  1600 t o  2 6 0 0 " ~  (870 t o  
1427°C)  and a t   s t resses   be tween 500 and 45,000 ps i   (0 .34  x 107 t o  31.0 x 
107 N/m2).  A c o m b i n a t i o n  o f  p a r a m e t e r s  was genera l l y  se lec ted  wh ich  wou ld  
p r o v i d e  1% t o t a l   c r e e p   i n  5000 t o  15,000 hours.  Although  specimens  were 
n o r m a l l y  c u t  w i t h  t h e  t e n s i l e  a x i s  p a r a 1  l e 1  t o  t h e  r o l l  i n g  d i r e c t i o n ,  d u p l  i - 
c a t e  t e s t s  o n  p a r a l l e l  a n d  p e r p e n d i c u l a r  s a m p l e s  i n d i c a t e d  1 i t t l e  dependence 
o f  c r e e p  s t r e n g t h  on o r i e n t a t i o n .  
Bo th  the  cons t ruc t i on  and  opera t i on  o f  t h e  u l t r a - h i g h  vacuum c reep  
t e s t  chambers  and the   serv ice   ins t ruments   in   the   labora tory   have  been 
d e s c r i b e d   i n   d e t a i  1 e lsewhere  (1,2).  The c reep   t es t   p rocedure   i nvo l ved  
i n i t i a l   e v a c u a t i o n   o f   t h e  chamber t o  a p r e s s u r e   o f  l e s s   t h a n  5 x t o r r  
a t  room  temperature,   fo l lowed  by  heat ing o[ t he  tes t  spec imen  a t  such  a r a t e  
tha t   he   p ressure   never   ose   above 1 x 10- t o r r .   P r e t e s t   h e a t   r e a t m e n t s  
were  pe r fo rmed  in  s i t u ,  and  comp le te  the rma l  equ i l i b r i um o f  t he  spec imen  was 
insured by  a t w o - h o u r  h o l d  a t  t h e  t e s t  t e m p e r a t u r e  p r i o r  t o  l o a d  a p p l i c a t i o n .  
Pressure was always  below 1 x t o r r   d u r i n g   t h e   t e s t s  and g e n e r a l l y   f e l l  
i n t o   t h e   t o r r   a n g e  as tes t ing   p roceeded.  Specimen e x t e n s i o n  was d e t e r -  
mined  over a two- inch  gauge length  w i th  an opt ica l   extensometer   which  measured 
the d is tance between two scr ibed reference marks to  an a c c u r a c y  o f  *50 m ic ro -  
inches .   Creep  s t ra ins   were   ca lcu la ted   us ing   the   loaded gauge l e n g t h  as the  
o r i g i n a l   l e n g t h .  Specimen  temperature was e s t a b l i s h e d   a t   t h e   b e g i n n i n g   o f  
each t e s t   u s i n g  a thermocouple. An o p t i c a l   p y r o m e t e r   h a v i n g  a p r e c i s i o n  o f  
+1F" was ca l i b ra ted  aga ins t  t he  the rmocoup le  read ing  and  was then  used  as  the 
pr ime  temperature  re ference  throughout   each  test .  
C h a r a c t e r i z a t i o n  o f  T e s t  M a t e r i a l s  
Because t h e  b a s i c  a i m  o f  t h e  t e s t  p r o g r a m  was the  development o f  
des ign   da ta ,   severa l   heats   were   tes ted   to   eva lua te   p roper ty   var ia t ion   be tween 
l o t s   o f   m a t e r i a l .  Chemical  analyses  and room tempera ture   mechan ica l   p roper t ies  
o f  each  heat   are  presented  in   Table I ,  w h i l e  t y p i c a l  l i g h t  and e l e c t r o n  m i c r o -  
graphs  are shown i n   F i g u r e s  I and 2A. A l though   the   s t ruc tu re   appears   c lean  
a t   o p t i c a l   m a g n i f i c a t i o n s ,   t h e   e l e c t r o n   m i c r o g r a p h s  show t h a t  T -111  r e c r y s t a l l -  
i z e d  1 h o u r  a t  3000°F  (1649°C)  has  an i nc luded   second   phase   wh ich   i s   d i s t r i -  
b u t e d   p r e f e r e n t i a l l y   a t   t h e   g r a i n   b o u n d a r i e s .   E l e c t r o n   p r o b e   m i c r o g r a p h s  
emphasize th i s  g ra in  boundary  ne twork  (F igu re  31, b u t  a l s o  show a s i g n i f i c a n t  
number o f   i n c l u s i o n s   w i t h i n   t h e   g r a i n s .   E l e c t r o n   p r o b e   s p e c t r a l   d i s t r i b u t i o n  
and   em iss ion   scans   i nd i ca te   t ha t   t hese   i nc lus ions   a re   ha fn ium  ox ides .  
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Eleva ted  tempera tu re  tens ion  tes ts  were  pe r fo rmed  in  a Brew furnace 
a t  p r e s s u r e s  o n  t h e  o r d e r  o f  10-5 t o r r  a t  an e x t e n s i o n  r a t e  o f  0.005 i n . / i n . /  
min.   (except   where  noted) .   The  in f luence  o f   temperature on t h e   t e n s i l e   p r o -  
p e r t i e s   o f   r e c r y s t a l l i z e d  T-111 i s  shown i n   F i g u r e  4. These  over lapping 
d a t a  f r o m  s e v e r a l  d i f f e r e n t  h e a t s  as w e l l  as f r o m  t h e  l i t e r a t u r e  (3 )  show a 
p ronounced  u l t ima te  s t reng th  peak  near  1400"F, t o g e t h e r  w i t h  a maximum i n  
t h e   s t r a i n   h a r d e n i n g   e x p o n e n t .   I n   a d d i t i o n ,  a P o r t e v i n - L e C h a t l i e r   e f f e c t  
( s e r r a t e d   s t r e s , s - s t r a i n   c u r v e )  was obse rved   i n   t h i s   t empera tu re   range ,  as 
i l l u s t r a t e d   i n   F i g u r e  5. Schmidt, e t  a1 (4) h a v e   o b s e r v e d   s i m i l a r   s t r a i n  
a g i n g  e f f e c t s  a t  a much lower  temperature  (about  600°F (316°C) i n   p u r e   t a n t a -  
lum  and i n   t a n t a l u m   c o n t a i n i n g  225-955 ppm C, 0, a n d   N ' a d d i t i o n s .  Comparison 
o f  t h e  T - 1 1 1  d a t a  w i t h  S c h m i d t ' s  r e s u l t s  s u g g e s t  t h a t  s t r a i n  a g i n g  i n  T -111  
may be  caused  by a comp lex  a tmosphere -d i s loca t i on  i n te rac t i on  ra the r  than  by  
s i m p l e   i n t e r s t i t i a l   d i s l o c a t i o n   p i n n i n g .   B a i r d  and Jameson ( 5 )  have  found 
the  complex  atmosphere t o  b e  a much more p o t e n t  s t r e n g t h e n e r  t h a n  s t r a i g h t -  
f o r w a r d  i n t e r s t i t i a l  atom s t r a i n   a g i n g   i n   t h e   a n a l o g o u s  Fe-Mn-C system, 
e s p e c i a l l y  a t  h i g h e r  t e m p e r a t u r e s .  
I n  o r d e r  t o  s t u d y  t h e  s t r a i n  a g i n g  phenomenon i n  g r e a t e r  d e t a i l  and 
perhaps i d e n t i f y  t h e  r e s p o n s i b l e  a t o m  s p e c i e s ,  a s e r i e s  o f  t e n s i o n  t e s t s  w e r e  
conducted  on  T-111 a t  d i f f e r e n t  s t r a i n  r a t e s  a n d  t e m p e r a t u r e s  i n  t h e  s t r a i n  
a g i n g   r a n g e .   R e s u l t s   o f   t h e s e   t e s t s ,  shown i n   F i g u r e  6,  f u r t h e r  emphasize 
t h e  p r e s e n c e  o f  t h e  s t r a i n  a g i n g  by  showing a v e r y  l a r g e  n e g a t i v e  s t r a i n  r a t e  
s e n s i t i v i t y   i n   t h e   s t r a i n   a g i n g   t e m p e r a t u r e   r a n g e .  Two o t h e r   i n t e r e s t i n g  
e f f e c t s   a r e   a l s o   a p p a r e n t   i n   F i g u r e  6. F i r s t ,  s t r a i n  age s t r e n g t h e n i n g   i s  
much more e f f e c t i v e  a t  t h e  l o w e r  s t r a i n  r a t e s ,  i n d i c a t i n g  t h a t  t h i s  f a c t o r  may 
be   impor tan t   in   c reep  behav io r .  Second, t h e   s t r e n g t h   p e a k   s h i f t s   t o   h i g h e r  
t e m p e r a t u r e s   w i t h   i n c r e a s i n g   s t r a i n   r a t e ,   p r e s u m a b l y  due t o  t h e  more r a p i d  
d i f f u s i o n   r e q u i r e d   f o r   s t r a i n   a g i n g   i n   t h e   f a s t e r   t e s t s .  The l a t t e r   b e h a v i o r  
p r o v i d e s  a p o s s i b l e  method f o r  i d e n t i f y i n g  t h e  i n t e r s t i t i a l  atom  species 
r e s p o n s i b l e   f o r   s t r a i n   a g i n g .   K i n o s h i t a   ( 6 )  has p o i n t e d   o u t   t h a t   t h e   a c t i v a -  
t i o n  e n e r g y  f o r  s t r a i n  a g i n g  c a n  b e  d e t e r m i n e d  f r o m  t h e  s t r a i n  r a t e  s e n s i t i -  
v i t y  o f  t h e  s t r e n g t h  peak  by p l o t t i n g  s t r a i n  r a t e  v s .  t h e  r e c i p r o c a l  o f  t h e  
peak   t empera tu re .   Th i s   A r rhen ius   t ype   o f   rep resen ta t i on   wh ich   i s  shown i n  
F i g u r e  7 y i e l d s  an a c t i v a t i o n  e n e r g y  o f  22 ,000  ca l /mo le  fo r  t he  s t ra in  ag ing  
r e a c t i o n   i n  T-11 1. T h i s   v a l u e   i s   v e r y   c l o s e   t o   t h e   a c t i v a t i o n   e n e r g y   r e p o r t e d  
by  Schmidt, e t  a l . ,  ( 4 , l l )  f o r  d i f f u s i o n  o f  oxygen i n   t a n t a l u m  (22,900 c a l /  
m o l e )   b u t   i s  much l o w e r   t h a n   t h e   v a l u e s   r e p o r t e d   f o r   d i f f u s i o n   o f  C and N i n  
tantalum  (39,600  and 41,100 c a l / m o l e   r e s p e c t i v e l y ) .  I t  thus seems l i k e l y   t h a t  
oxygen i s  t h e  c r i t i c a l  i n t e r s t i t i a l  s p e c i e  i n  t h e  s t r a i n  age s t r e n g t h e n i n g  
O f  T-111. 
3 
RESULTS AND D I S C U S S I O N  
Design  Considerat ions 
Because o f  t h e  low c r e e p   r a t e s   i n v o l v e d ,   c o n v e n t i o n a l   f i r s t   s t a g e  
creep was no t   a lways   observed,   and  cer ta in   tes ts  showed  a very  unusual  
b e h a v i o r ,  w i t h  t h e  c r e e p  r a t e  f i r s t  d i m i n i s h i n g  t o  a very  low  value  and  then 
i n c r e a s i n g   a g a i n   t o  a s teady   s ta te .  The tendency  toward  th is   type o f  be- 
h a v i o r  was tempera tu re   dependen t ,   w i th   t es ts   a t   t he   l ower   t empera tu res   (nea r  
0 .4  Tm)*  curv ing  upward more sha rp l y  than  those  a t  h ighe r  tempera tu res  (nea r  
0.5 Tm) ( F i g u r e   8 ) .  The t i m e   t o   r e a c h  1 %  creep was used t o   c h a r a c t e r , i z e   t h e  
c reep  resu l t s  fo r  des ign  pu rposes ,  and  th i s  p roper t y  has  been c o r r e l a t e d  w i t h  
temperature  and  s t ress  in   F igure 9 u s i n g   t h e   L a r s o n   M i l l e r   p a r a m e t e r .  A 
c o n s t a n t   o f  f i f t e e n  was chosen t o   f a c  i 1 i t a t e  compa r i s o n   o f   t h i s   d a t a   w i t h   o t h e r  
r e f r a c t o r y   a l l o y   c r e e p   d a t a   i n   t h e   1 i t e r a t u r . e .  A s a t i s f a c t o r y   c o r r e l a t i o n  was 
a c h i e v e d  i n  t h i s  f a s h i o n ,  and  good  agreement was found be tween the  f i ve  heats  
tes ted .  
R a t i o n a l i z a t i o n  o f  t h e  T r a n s i e n t  Creep  Behavior 
A n a l y s i s  o f  t h e  t r a n s i e n t  c r e e p  b e h a v i o r  i n  T -111  i s  f a c i l i t a t e d  b y  
p l o t t i n g  t r u e  s t r a i n  r a t e  v s .  t r u e  s t r a i n ,  as i l l u s t r a t e d  i n  F i g u r e  10 f o r  
the   two  tes ts  shown i n   F i g u r e  8. T h i s   t y p e   o f   p l o t  emphas izes   the   fac t   ha t  
the  upward c u r v a t u r e  i s  n o t  c l a s s i c a l  t h i r d  s t a g e  c r e e p ,  s i n c e  t h e  r i g h t  h a l f  
o f   the  low  temperature  curve  in   F igure 10 shows  a n e g a t i v e   r a t h e r   t h a n  a 
pos i t i ve   curva ture .   Bo th   curves   wou ld   p resumably   tu rn  upward i n   t r u e   t h i r d  
s tage  creep i f  pe rm i t ted   t o   run   l ong   enough .  
Comparison o f  t h e  t e n s i l e  and  creep  data  on T-111 r e v e a l s   t h a t   b o t h  
t h e  s t r a i n  a g i n g  and t h e  t r a n s i e n t  c r e e p  s t r e n g t h e n i n g  phenomenon a r e  most 
pronounced a t   t h e   l o w e r   t e s t   t e m p e r a t u r e s   ( i n   t h e  1600°F  (870°C)  range)  and 
tha t  bo th  dec rease  g radua l l y  w i th  i nc reas ing  tempera tu re  and a r e  e s s e n t i a l l y  
absent   above  about   2200°F  (1204°C) .   Th is   s im i la r i t y   o f   tempera ture  dependen- 
c ies  suggests   that   he  two phenomenon may be  assoc iated.  Even so, i t  i s  
d i f f i c u l t  t o  e x p l a i n  why t h e  e f f e c t i v e n e s s  o f  a s t r a i n  age s t r e n g t h e n i n g  
mechanism s h o u l d   d e c r e a s e   w i t h   i n c r e a s i n g   t e s t   t i m e .   T h i s  phenomenon has  been 
o b s e r v e d  p r e v i o u s l y  i n  an Fe-Cr-C a l loy by DeBarbadi  1 1 0  ( 7 ) ,  who a t t r i b u t e d  
t h e   d e c r e a s i n g   s t r e n g t h   t o   p r e c i p i t a t i o n   o f   c h r o m i u m   c a r b i d e .  I t  was shown 
t h a t  b o t h  Cr and C were  necessary  by  tes t ing  b inary  Fe-Cr  and Fe-C a l l o y s  i n  
wh ich   the   unusua l   t rans ien t   d id   no t   appear .  Thus,  as the  chromium  and  carbon 
c o - p r e c i p i t a t e d ,  t h e  s p e c i e s  n e c e s s a r y  f o r  s t r a i n  a g i n g  was dep le ted  f rom the  
m a t r i x .   D e B a r b a d i l l o   f u r t h e r   s u p p o r t e d   t h i s   s u p p o s i t i o n  by  showing  that   he 
k i n e t i c s  o f  t h e  p r e c i p i t a t i o n  r e a c t i o n  a r e  such as t o  cause an abrupt   creep 
r a t e  t r a n s i t i o n  o f  t h e  o b s e r v e d  f o r m .  
-I Tm = Abso lu te   me l t i ng   t empera tu re  ( O R ) .  S i n c e   a n   e x a c t   m e l t i n g   p o i n t   f o r  
T-111 a l l o y  has n o t  been  determined, an e s t i m a t e d  v a l u e  o f  5860"R was used, 
as r e p o r t e d  i n  a p roduc t   da ta   sheet   f rom Wah Chang Albany, a s u p p l i e r  o f  
t h i s  m a t e r i a l .  
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E x a m i n a t i o n  o f  c r e e p  t e s t e d  T-111  specimens shows t h a t  t h e  p r e -  
c i p i  t a t i o n  mechanism i s  n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e  T-111  a1 l oys .  F igu re  
28   revea ls  an apprec iab le   decrease  ra ther   than an i n c r e a s e   i n   t h e  number o f  
i n c l u s i o n s   a f t e r   t e s t .   T h i s   d e c r e a s e   h a s  been con f i rmed   us ing   t he   e lec t ron  
probe  mic roana lyzer .  I t  i s  accompanied  by a s i g n i f i c a n t   a n d   c o n s i s t e n t   d e -  
crease  in   oxygen  composi t ion,  as w e l l  as a d r o p  i n  t e n s i l e  s t r e n g t h  a n d  h a r d -  
ness i n   t h e   t e s t e d   m a t e r i a l   ( T a b l e  2 ) .  A l t h o u g h   s u f f i c i e n t   c r e e p   t e s t e d  
m a t e r i a l  was n o t  a v a i l a b l e  t o  c o m p r e h e n s i v e l y  e v a l u a t e  t h e  s t r e n g t h  o f  t h e  
s t r a i n  a g i n g  r e a c t i o n  i n  t h e  p o s t - t e s t e d  m a t e r i a l ,  a 56% d e c r e a s e  i n  t h e  y i e l d  
p o i n t  d r o p  was observed  as a r e s u l t  o f  c r e e p  t e s t i n g ,  i n d i c a t i n g  t h a t  t h e  r e -  
a c t i o n  i s  much weaker a f te r  c reep  tes t  exposure .  
I t  t h e r e f o r e  seems 1 i k e l y  t h a t  a mechanism s i m i l a r  t o  D e B a r b a d i l l o s '  
can be proposed for T-111 a1 l o y  i n v o l v i n g  s o f t e n i n g  o f  t h e  c r e e p  t e s t e d  m a t e r i a l  
b y  d e p l e t i o n  o f  t h e  s p e c i e s  r e s p o n s i b l e  f o r  s t r a i n  age s t rengthen ing   (oxygen)  
f rom  the   mat r ix .   S ince   oxygen  remova l   p roceeds  dur ing   c reep  tes t ing ,  i t  causes 
a progress i ve weakening and a concomi t a n t  c r e e p  r a t e  t r a n s i  t i o n  a t  t h e  low 
t e s t  t e m p e r a t u r e s  w h e r e  s t r a i n  a g i n g  i s  i n i t i a l l y  an i m p o r t a n t   f a c t o r .  
Ra t iona l i za t - i on  __ o f  Steady  State  Creep  Behavior 
V a r i o u s  s t a n d a r d  a n a l y t i c a l  t e c h n i q u e s  w e r e  a p p l i e d  t o  t h e  T-111 
s t e a d y  s t a t e  c r e e p  d a t a  t o  g a i n  b e t t e r  i n s i g h t  i n t o  t h e  c r e e p  mechanisms i n -  
v o l v e d .   N e i t h e r   t h e  common e n g i n e e r i n g   r e p r e s e n t a t i o n   o f   l o g   s t r e s s   v s .   l o g  
minimum c r e e p  r a t e  n o r  t h e  A r r h e n i u s  p l o t  w o u l d  a d e q u a t e l y  c o r r e l a t e  t h e  
r e s u l t s ,  s o  t h a t  i t  was necessary t o   u t i  1 i z e  a temperature compensated creep 
r a t e  p a r a m e t e r  o f  t h e  f o r m  
. A  H/RT 
Ee 
i n   o r d e r   t o   r a t i o n a l i z e   t h e   s t e a d y   d a t a .   A l t h o u g h   t h e   u s u a l   a p p r o a c h   t o   t h i s  
t rea tment   invo lves   the  use of t h e  A r r h e n i u s  p l o t  t o  o b t a i n  t h e  a c t i v a t i o n  
energy, i t  i s  p o s s i b l e  t o  o b t a i n  AH d i r e c t l y  t h r o u g h  s t a t i s t i c a l  e v a l u a t i o n  o f  
t he  degree  o f  co r re la t i on  be tween  the  chosen  s t ress  func t i on  and  ;,AH/RT. 
Th ree  s t ress  func t i ons  a re  commonly found  in  the  1 i t e r a t u r e :  
a.  The  power f u n c t i o n :  
b.  The e x p o n e n t i a l   f u n c t i o n :  
E =e BO 
c. And t h e   h y p e r b o l i c   s i n e   f u n c t i o n :  
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Garo fo lo  (8) has   d iscussed  the   s t ress   dependence  o f   c reep  ra te   and  has  shown 
t h a t  for a number o f  mafehi,7Rq tes ted  ove r  w ide  ranges  o f  s t ress ,  t he  power  
law  prov ides a p l o t  o f  Ee vs . f (a) wh i ch i s  concave  upward , wh i l e  t h e  
exponent ia l   aw  p rov ides  a p lo t   wh ich   i s   concave  downward. G a r o f o l o   t h e r e -  
f o r  p r o p o s e d  t h e  h y p e r b o l i c  s i n e  r e l a t i o n s h i p  t o  s o l v e  t h i s  p r o b l e m  s i n c e  
i t  approx imates  the  power  law  a t  low stresses   and  the   exponent ia l   law  a t  
h ighe r   s t resses .   F igu res  1 1 ,  12, and 13 show tha t   hese   genera l   obse rva t i ons  
a p p l y  t o  T-111 w i t h  t h e  h y p e r b o l i c  s i n e  l a w  b e i n g  t h e  o n l y  r e l a t i o n s h i p  p r o -  
v i d i n g  a l i n e a r  c o r r e l a t i o n  o v e r  t h e  e n t i r e  e x p e r i m e n t a l  s t r e s s  r a n g e  o f  500 
t o  45,000 p s i .  I t  i s   i n t e r e s t i n g   t o   n o t e   t h a t   t h e   u l t i m a t e   s t r e n g t h   d a t a   a t  
1800°F  (982°C) , 2200°F (1204°C.) and  2600°F  (1427°C) a l l  f a l l  on the  same 1 i n e  
w i t h   t h e   c r e e p   d a t a   i n   F i g u r e  13  i n d i c a t i n g   t h a t   a t   t h e s e   t e m p e r a t u r e s  and a 
s t r a i n  r a t e  o f  0.005 i n / i n / m i n .   t e n s i l e   d e f o r m a t i o n   i s   t h e r m a l l y   a c t i v a t e d   i n  
T-111 a l l o y .  I t  s h o u l d  a l s o  be   no ted   tha t   wh i le   the   exponent ia l   and  power  laws 
do n o t  f i t  t h e  d a t a  o v e r  t h e  e n t i r e  s t r e s s  r a n g e ,  t h e r e  a r e  l i m i t e d  s t r e s s  
ranges  where  each o f  t h e s e  r e l a t i o n s h i p s  d o  p r o v i d e  a s t r a i g h t  1 i n e  f i t  o f  t h e  
da ta .   For   example ,   the   exponent ia l   p lo t   in   F igure  I 1  appears t o   p r o v i d e  a 
l i n e a r  f i t  between  2.4  and 20 ks i  desp i te  the  p ronounced  cu rva tu re  ove r  the  
w ider   s t ress   range.  
E v a l u a t i o n s  o f  t h e  s t r a i g h t  l i n e  segments  from  each o f  t h e  t h r e e  
s t r e s s  r e p r e s e n t a t i o n s  a l l  p r o v i d e d  a AH v a l u e  o f  a b o u t  90,000 cal . /mole,  
which i s  c l o s e   t o   t h e   v a l u e   o f  100,000 c a l . / m o l e   r e p o r t e d   i n   t h e   l i t e r a t u r e  
( 1 1 )   f o r   s e l f   d i f f u s i o n   i n   t a n t a l u m .   S i n c e   l a t t i c e   s t r a i n s   i n t r o d u c e d   b y  
s u b s t i t u t i o n  o f  the somewhat s m a l l e r  W atom i n  t h e  Ta l a t t i c e  p r o b a b l y  enhance 
d i f f u s i v i t y ,  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  f o r  c r e e p  i s  p r o b a b l y  v e r y  c l o s e  
t o  t h a t  f o r  e i t h e r  Ta o r  W d i f f u s i o n  i n  T - 1 1 1 .   T h i s   i n d i c a t i o n   o f   d i f f u s i o n  
c o n t r o l l e d  c r e e p  seems somewhat s u r p r i s i n g  i n  v i e w  o f  t h e  l o w  homologous 
temperature  range  examined  (.39  to . 5 2 ) ;  however,  Sherby  and  Burke (9) have 
s u g g e s t e d  t h a t  a t  v e r y  l o w  s t r a i n  r a t e s  d i f f u s i o n  c o n t r o l l e d  c r e e p  may occur  
a t   lower   than  normal   temperatures as a r e s u l t  o f  t h e  l o n g  t i m e s  a v a i l a b l e  
f o r  d i f f u s i o n  t o  o c c u r ,  and t h i s   i s   p r o b a b l y   t h e   e x p l a n a t i o n   i n   t h e   p r e s e n t  
case. 
D i f f u s i o n  c o n t r o l  l e d  c r e e p  i s  n o r m a l  l y  assumed t o  r e s u l t  e i t h e r  
f r o m  n o n - c o n s e r v a t i v e  m o t i o n  o f  j o g g e d  s c r e w  d i s l o c a t i o n s  o r  f r o m  c l i m b  o f  
edge d i s l o c a t i o n s .  However, the  s t ress  exponent   for   these  two  processes 
should  be  near  5 ,  as  opposed t o  t h e  v a l u e  o f  a b o u t  3 obse rved  in  the  p resen t  
work. A v a l u e  o f  n = 3 conforms t o  t h a t  p r e d i c t e d  by Weertman ( 1 0 )   f o r   g l i d e  
c o n t r o l l e d  c r e e p ,  i m p l y i n g  t h a t  s t e a d y  s t a t e  c r e e p  i n  T -111  may b e  c o n t r o l l e d  
b y   s u b s t i t u t i o n a l   s o l u t e  atom  drag.  In  th is  case,  the AH v a l u e   r e p o r t e d  
s h o u l d  r e p r e s e n t  t h e  a c t i v a t i o n  e n e r g y  f o r  d i f f u s i o n  o f  W i n  T-111 ra the r   t han  
Ta i n  T-111 U n f o r t u n a t e l y ,  no  data on t h e   d i f f u s i o n   o f  W i n  Ta a r e   a v a i   l a b l e  
i n  t h e  l i t e r a t u r e  t o  check t h i s  p o s s i b i  1 i t y .  However, a l l o y s   w h i c h   d i s p l a y  
m ic roc reep  o f ten  do no t  undergo  p r imary  c reep ,  and  do  no t  exh ib i t  a w e l l  
d e v e l o p e d  s u b s t r u c t u r e ,  b o t h  o f  w h i c h  a r e  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  b e h a v i o r  
i n  T- 1 1  1 a I t  t h e r e f o r e  seems 1 i k e l y  t h a t  s t e a d y  s t a t e  c r e e p  o f  T- 1 1  1 i s  con- 
t r o l l e d  by a microcreep  mechanism in   the   tempera ture   and  s t ress   ranges  
s t u d i e d .  
6 
SUMMARY 
Complex  atmosphere s t r a i n  a g i n g  i n v o l v i n g  o x y g e n  a n d  p r o b a b l y  
ha fn ium prov ides  a t r a n s i e n t  s t r e n g t h e n i n g  i n  t h e  e a r l y  s t a g e s  o f  T -111  
c r e e p   t e s t s   i n   t h e  1600 t o  2200°F (870 t o  1204°C) range. A t  l o n g   t e s t  
t i m e s ,  u l t r a - h i g h  vacuum removal o f  oxygen   dep le tes   t he   s t ra in   ag ing  
s t rengthen ing  spec ies  f rom the  mat r ix  and causes  a c r e e p  r a t e  t r a n s i t i o n  
t o   o c c u r .   A f t e r   t h e   c r e e p   r a t e   t r a n s i t i o n ,   s t e a d y   s t a t e   c r e e p   p r o c e e d s  
a c c o r d i n g  t o  t h e  r e l a t i o n s h i p :  
= 1.65 x 10 9 [ s i n h ( 6 . 6  x 1 0 - 5 ~ ) ]  3.17,-90,000/RT 
where  the  va lues  o f   act ivat ion  energy  and  s t ress  exponent   suggest   that  
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CHEMICAL  COMPOSITION AND ROOM TEMPERATURE  MECHANICAL 
PROPERTIES OF T-111 ALLOYS ANNEALED 1 HOUR AT 3000"F(1649"C) 
We i g h t   P e r c e n t  




















N2 O2 H2 
. , . .  
20 55 
50  130 
20  100 
34 20 
20  72 
10  25 
12  30 
13 21 










MECHANICAL  PROPERTIES 
UTS 0.2% Y . S .  





























A Not A v a i l a b l e  
T A B L E  2 - 
EFFECT OF CREEP EXPOSURE ON ROOM TEMPERATURES MECHANICAL PROPERTIES AND COMPOSITION 
OF T - I l l  ANNEALED ONE HOUR AT 3000'F P R I O R  TO CREEP TESTING. 
CREEP TEST CONDITIONS 
Test  No. Heat No. 
" 
5-26 D- 1670 
5-31* 65079 
s-33 65076 
5- 32 D-1102 
s-35 65079 
5-43 65079 
















+ Reduced  Gauge  Width 
* P e r p e n d l c u l a r   t o  rolllng d l r e c t l o n  
*** N o t   A v a i l a b l e  
Tes t  








B e f o r e  
A f t e r  
Creep 
T e s t  i n g  
Be f o   r e  
A f t e r  
A f t e r  
B e f o r e  
Be f o r e  
A f t e r  
B e f o r e  
A f t e r  
B e f o r e  
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A f t e r  
B e f o r e  
U l t l m a t e  
Tens i le 
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COHPOS I TI ON 
P e r c e n t  PPM 
- "f - N2 02 - 
2.17 .001 20 72 
2.09 .0032 30 IO 
*** *** ** ** 
I .95 .004 20 100 
2.07 .004 30 20 
2.28 .003 34 20 
2.17 .003 30 IO 
2.30 .003 50 130 
2.14 .0046 30 IO 
2.30 .003 50 130 















FIGURE 1 .  OPTICAL  PHOTOMICROGRAPHS OF T-111 HEAT No, 70616 RECRYSTALLIZED 





Spec i men S-40 
Tested 8717 hours 
at 1800Q F (982°C) 
and 17 KSI (11.7xI07 
N/M2) Total creep 
s t ra in 1.028% 
Heat No. D-I102 
A. BEFORE CREEP TESTING 
B. AFTER CREEP TESTING 
Specimen s-26 
Tested 9624 hours 
at 1800°F (982°C) 
and 17 KSI (11.7xI07 
N/M2) Total creep 
strain 1.030% 
Heat No. D-1670 
Specimen S-33 
Tested 2976 hours 
at 2200°F (1204°C)7 
and 8 KSI (5.5IxI0 
N/M2) Total creep 
s t ra i n 1.048% 
Heat No. 65076 
__ "_ 0 __ 
Specimen S-35 
Tested 5522 hours 
at 2200°F (1204°C)7 
and 5 KSI (3.44xI0 
N/M2) Total creep 
strain 1.092% 
Heat No. 65079 
FIGURE 2. ELECTRON MICROGRAPHS OF TANTALUM T-III ALLOY (TA-8%W-2%HF) RECRYSTALLIZED I HOUR AT 3000°F, 
BEFORE AND AFTER CREEP TESTING AT THE INDICATED TEST CONDITIONS. TOTAL CHAMBER PRESSURE LESS 
THAN Ix10- 8 TORR. 7500X, REDUCED 55% FOR REPRODUCTION. lWO STAGE REPLICAS (CELLULOSE-NITRATE/ 
CARBON). ARROWS INDICATE THE DIRECTION OF CHROMIUM SHADOWING ON PRIMARY REPLICA . 
550X 
1650X 
FIGURE 3. ELECTRON MICROPROBE ANALYZER CURRENT IMAGES OF T-111 HEAT D-1102 
RECRYSTALLIZED 1 HOUR AT 3000°F (1649°C). BRIGHT SP.OTS REPRESENT 
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ULTIMATE STRENGTH - SHEET SPECIMENS, E = 0.005 in/in/rnin 
0 HEAT NO. 65079 
0 HEAT NO. D-1183 8 
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STRAIN HARDENING EXPONENT 
E = 0.05, VARIOUS HEATS 
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F I G U R E  4a. V A R I A T I O N  OF U L T I M A T E   S T R E N G T H   A N D   S T R A I N   H A R D E N I N G   E X P O N E N T  
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F I G U R E  4b. V A R I A T I O N  OF 0.2% Y I E L D   S T R E N G T H   A N D   P E R C E N T   E L O N G A T I O N  
WITH TEMPERATURE I N  T- 1 1  1  ANNEALED  1 HOUR  AT 3000" F ( 1 6 4 3 ° C )  
15 
DEFLECTION - 
FIGURE 5. LOAD-DEFLECTION  CURVE OR RECRYSTALL IZED  T -111   AT  
1 4 0 0 ° F .  ARROW INDICATES  DECREASE  OF  CHART  SPEED. 
r 
TRUE STRAl N STRA I N RATE 
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F I G U R E  6 .  V A R I A T I O N   O F   L O W   S T R E S S   W I T H   T E M P E R A T U R E   A N D   S T R A I N   R A T E   A T  TWO 
L E V E L S  OF T R U E   S T R A I N   I N   T - 1 1 1   A N N E A L E D   1 HOUR A T  3000°F ( 1 6 4 9 ° C ) .  






F I G U R E  7. V A R I A T I O N  OF S T R A I N   A G I N G   P E A K   T E M P E R A T U R E   W I T H   S T R A I N   R A T E   A T  TWO L E V E L S  
OF T R U E   S T R A I N   I N   T - 1 1 1   A N N E A L E D  1 HOUR A T  3000°F ( 1 6 4 9 ° C ) .   S L O P E  OF 
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- 5-26 1800°F ( 9 8 2 O C )  17 KSI ( 1  . I 7  x I O 8  N/M2) 
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1 ' .a 
FIGURE 8. CREEP TEST  DATA,  T-111  HEAT  0-1670,  ANNEALED 300OoF (1643°C)  
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TOR ( I 5  + log t 1 % )  x 10 - 3  
FIGURE 9. LARSON MILLER PLOT OF 1 %  CREEP L IFE  DATA FOR T-111 ALLOY 
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TRUE  STRAIN, IN./IN. 
.008 
FIGURE 10. TRUE  STRAIN  RATE  AS A FUNCTION OF T R U E   S T R A I N   I N  T-111 
ANNEALED 1 HOUR AT 300OoF ( 1 6 4 9 ° C )  AND CREEP  TESTED  AT 
T H E   I N D I C A T E D   G O N D I T I O N S .  
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c T E S T  TEMP. STRESS, 
SYMBOL OF PSI  -" 
A I800 17,000 
1060 20,000 
-0 2000 8.500 
7 2000 II ,000 
e 2000 13,000 
h 2000 15,000 
y 2000 35.000 
2000 20.000 
& 2000 35,000 
# 2000 45.000 
D 2120 12.000 
l o4  I I I I I I I I I 3 I I I I I L " . l L  1 
0 4 0 12 16  20 24 20 32 36 
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F I G U R E  I ]  . VARiATlON OF TEMPERATURE COMPENSATED TRUE STRAIN RATE WITH STRESS 
IN T-1 1 1 ALLOY  ANNEALED  ONE  HOUR  AT 3000°F ( 1  643°C). 
22 
w 
I I 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I I I I I 1 I Y  - - - - - 
- 
SYnllOL OF PSI  
TEST TWP. STRESS, "- - 
A I800 17 ,OOU 
1860 20.000 
* 2000 8,500 
9 2000 11,000 
2000 I3.000 
2000 15.000 
0 2000 20.000 
1 2000 35.000 
R 2000 35,000 
# 2000 45,000 
2120 12.000 
2200  5.000 8 2200 8,000 
0 2200 12.000 
f 2300 3.500 
0 2330 2.400 
A 2400 3,500 
e 2600 500 
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STRESS,  KS I ( 6 . 8 9 ~ 1  06N/m2) 
F I G U R E  1 2 .  V A R I A T I O N  OF TEMPERATURE  COMPENSATED  TRUE  STRAIN  RATE  WITH 
LOG STRESS  FOR  T- I11   ALLOY  ANNEALED  ONE HOUR A T   3 0 0 O o F  (1.649"C). 
23 
F I GURE 
24 
'o''v ' '" 
13 . VAR 
LOG 
I A T  
[ S  
SLOPE = 3.17 
1 
LOG [ S I N H ( a u ) ] ,  a = 6.6 x IO (uin K S I )  -2  
ION OF TEMPERATURE COMPENSATED TRUE STRAIN RATE WITH 
INH (aa)]"  I N   T - 1 1 1  ALLOY  ANNEALED 1 HOUR AT 3000°F(164goC). 
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